Previous research has documented low frequencies of interspecific mating in nature between the invasive vectors Aedes aegypti and Aedes albopictus. It is also known that heterospecific male accessory gland substances transferred during mating sterilize A. aegypti but not A. albopictus females, leading to satyrization, a form of reproductive interference. This paper demonstrates that satyrization of A. aegypti by A. albopictus may occur without evidence of successful insemination. Our results show that A. aegypti females, previously exposed to A. albopictus males, are rendered refractory to subsequent conspecific mating even though their spermathecae contain no heterospecific sperm. Additional experiments demonstrating transfer of labelled semen from A. albopictus males to A. aegypti females and low production of viable eggs of females housed with conspecific males, following exposure to A. albopictus males, confirm higher incidences of satyrization than expected, based on heterospecific insemination rates. We conclude that frequencies of satyrization based on detection of interspecific sperm in spermathecae may underestimate the impact of this form of reproductive interference.
Introduction
The mosquitoes Aedes aegypti and A. albopictus are the primary vectors worldwide of dengue and chikungunya viruses [1] . Aedes aegypti is native to Africa but has spread cosmotropically primarily in the fifteenth to seventeenth centuries [2] . Aedes albopictus evolved in Asia and has spread into expanded tropical and temperate ranges during the last three decades [3] . Recent invasions by A. albopictus have been associated with some rapid declines of A. aegypti such as in the southeastern USA and Bermuda [2, 4, 5] .
Satyrization has been suggested as a possible mechanism for such declines [4, 6, 7] . Satyrization is a form of reproductive interference that reduces the fitness of at least one of the mating species involved and is caused by incomplete species recognition [8, 9] . Adults of A. aegypti and A. albopictus encounter each other in areas of sympatry, where low rates of cross-species matings (0.6-2.7%) have been detected in nature, measured as percentages of females with heterospecific sperm in their spermathecae [7] . These interspecific matings yield no progeny [10] .
Nasci et al. [4] and Bargielowski et al. [6] both showed a higher rate of crossinsemination in cages between A. aegypti females and A. albopictus males than in the reverse cross, which supports asymmetric reproductive interference as a mechanism for competitive displacements of A. aegypti. Leahy & Craig [11] and Tripet et al. [7] showed that injections of heterologous male accessory gland substances triggered the switch to post-mating behaviour in A. aegypti females, but not in A. albopictus females, in the same way that conspecific male accessory gland substances stimulate oviposition [11] and refractoriness to mating [7] . Here we show that A. aegypti females become refractory to further mating after exposure to A. albopictus males, even if heterospecific sperm are not deposited in their spermathecae.
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Methods
Experiments, each replicated three times within the same cohort, used second to fifth generation A. aegypti colonized from Key West, FL, USA and A. albopictus from Vero Beach, Florida, USA.
(a) Absence of heterospecific sperm in spermathecae and refractoriness to mating
In each replicate, an interspecific-conspecific treatment was paired with a sham-treated control. In the interspecific-conspecific treatment, 3-day-old virgin A. aegypti females (n ¼ 150) were housed in the same cage with 3-day-old A. albopictus males (n ¼ 150) for three weeks. Detection of the presence or the absence of sperm in the spermathecae of live females was accomplished with a technique that does not require killing the mosquito [12] . Each female that was negative for heterospecific sperm was exposed to two 3-day-old virgin A. aegypti males for 24 h in the same cage. After exposures to conspecifics, healthy females were dissected to check for sperm in the spermathecae (44-50 females per replicate).
In the sham-treated control, a 'sham' sperm check was applied to 24-day-old virgin A. aegypti females that were subsequently housed with 3-day-old conspecific males, and dissected (20-23 females per replicate) (see the electronic supplementary material). A t-test was performed to analyse differences in the proportions (proportions transformed by Freeman-Tukey method) of females inseminated by conspecifics between the interspecific-conspecific treatment and the sham-treated control using SPSS Statistics 21.
(b) Transfer of semen
Females were exposed to males labelled with stable isotopes, in order to detect semen transfer. Mosquitoes were labelled in the larval stage with 15 N-glycine, following procedures described by Helinski et al. [13] , with some modifications. In each replicate, an interspecific treatment, a positive control and a control were performed. In the interspecific treatment, 3-day-old virgin A. aegypti females (n ¼ 150) were exposed to 3-day-old 15 N-labelled A. albopictus males (n ¼ 150) in a cage for three weeks. In the positive control, 3-day-old virgin A. aegypti females were exposed to 15 N-labelled A. aegypti males for three weeks; and in the control, a cage with 3-day-old unlabelled females was set. After three weeks, the presence or the absence of sperm in spermathecae was checked in live females [12] . After the sperm check, females were frozen at 2208C for 30 min, and dried overnight at 558C. Stable isotope analysis in whole female bodies was performed by the Light Stable Isotope Mass Spectrometry Laboratory in the Department of Geological Sciences at the University of Florida (see the electronic supplementary material).
(c) Refractoriness to conspecific mating assessed through egg viability
This experiment was performed before the technique for sperm detection in live A. aegypti females was developed [12] . In each replicate, an interspecific-conspecific treatment was paired with a control. In the interspecific-conspecific treatment, 3-day-old virgin A. aegypti females (n ¼ 150) were exposed to 3-day-old A. albopictus males (n ¼ 150). After three weeks, A. albopictus males were removed; 50% of the females were dissected to determine sperm presence in spermathecae (52-56 females per replicate); the remaining females were kept in the cage for 24 h. Subsequently, females were exposed for 3 days to 3-day-old conspecific males in a 1 : 1 ratio and were allowed to blood feed from a live chicken according to UF-IACUC Protocol no. 201003892. Each blood fed female was transferred to an individual cage with an oviposition site. Eggs were collected from each female (18-29 females per replicate), counted and hatched to determine if a female laid viable or non-viable eggs. Production of viable eggs was used as a proxy for successful intraspecific insemination. In the controls, 24-dayold virgin A. aegypti females were exposed to 3-day-old conspecific males for 3 days and subsequently allowed to blood feed. Each blood fed female was allowed to oviposit (13-18 females per replicate). To test differences between the actual proportion of A. aegypti females that laid viable eggs in the interspecific -conspecific treatment versus the expected proportion based on the females that had no heterospecific sperm in spermathecae, a x 2 -goodness of fit analysis was performed using SPSS Statistics 21.
To test differences in the number of eggs laid between the interspecific -conspecific treatment and the control, a t-test was performed using SPSS Statistics 21.
Results
An arithmetic average of 49.1 + 1.6 (s.d.)% of A. aegypti females were negative for sperm in spermathecae after exposures to A. albopictus males. These females were exposed to A. aegypti males. An arithmetic average of 69.7+6.2 (s.d.)% of the pre-exposed females mated successfully with conspecifics. Significantly more control females that were exposed to conspecifics mated successfully, an arithmetic average of 96.9 + 2.7 (s.d.)% (t 4 ¼ 26.0, p ¼ 0.004). These results show that many A. aegypti females that had no A. albopictus sperm in their spermathecae were refractory to subsequent mating with conspecifics.
(b) Transfer of semen All A. aegypti females positive for sperm in spermathecae and approximately half of the females whose spermathecae were empty after exposures to A. albopictus males were labelled with 15 N (figure 1). Our results suggest that ejaculate from A. albopictus males was transferred to many females without deposition of sperm in spermathecae.
(c) Refractoriness to conspecific mating assessed through egg viability
An arithmetic average of 46.7 + 6.8 (s.d.)% of dissected A. aegypti females that were exposed to A. albopictus males did rsbl.royalsocietypublishing.org Biol. Lett. 11: 20150527 not have heterospecific sperm in their spermathecae. Egg viability was assessed for the remaining females of the cage that were subsequently exposed to conspecifics, blood fed and allowed to oviposit. A mean of 16.3 + 6.9 (s.d.)% of these females laid viable eggs, which is significantly fewer than expected based on the proportion of females that had no heterospecific sperm in their spermathecae (x 2 1 ¼ 27:3, p , 0.001). All control females laid viable eggs. These results indicate that many females without heterospecific sperm in their spermathecae were unable to mate with conspecifics as evidenced by inviable eggs.
The arithmetic average number of eggs laid by A. aegypti females that were exposed to A. albopictus males and subsequently to A. aegypti males was 85.7 + 17.6 (s.d.), which is not significantly different from control females (93.1 + 6.8 (s.d.)) (t 4 ¼ 20.683, p ¼ 0.532).
Discussion
Models of competitive interactions of two species have shown that low levels of reproductive interference, coupled with resource competition, can lead to local extinctions and displacements [9, 14, 15] . By showing that analyses of spermathecal contents may underestimate interspecific matings, our results strengthen the importance of reproductive interference as a mechanism to explain the rapid competitive displacements of A. aegypti by A. albopictus that have been documented in the southeastern USA and Bermuda [2, 5] .
In culicine mosquitoes, insemination is defined as the deposition of semen (sperm and secretions of male accessory glands) in the female's bursa and the subsequent passage of sperm into the spermathecae [16] . Our results show that satyrization without successful insemination occurred in many A. aegypti females that were refractory to subsequent mating with conspecifics even without A. albopictus sperm in their spermathecae. Transfer of semen, including male accessory gland substances, is likely rendering females refractory to further mating, regardless of the presence of sperm in their spermathecae. This is supported by the experiment in which females were exposed to 15 N-labelled A. albopictus males and approximately half of the females without sperm in spermathecae were labelled with 15 N. Additional evidence for satyrization without successful insemination was provided by the experiment that assessed refractoriness to mating through egg viability. Compared with the higher proportion of females that had no heterospecific sperm in their spermathecae, only a low percentage of females actually laid viable eggs. This suggests that many females that were negative for heterospecific sperm in the spermathecae were unable to mate with conspecifics and, hence, laid inviable eggs.
We hypothesize that male accessory gland products and sperm from A. albopictus are transferred to the female bursa, but not to the spermathecae, in those A. aegypti with no sperm in their spermathecae that were unreceptive to further mating with conspecifics. Following deposition of semen in the female mosquito bursa, sperm ordinarily reach the spermathecal vestibule by their own motility and then are carried through the spermathecal ducts to the spermathecae by actions of the female [16] . As heterospecific mating occurs by mistake owing to failure in species recognition [8] , it appears that sperm from A. albopictus are not always transferred properly to A. aegypti spermathecae. In one live sperm check, the bursa was expelled from the female and seen to harbour semen even though the spermathecae had no sperm (figure 2).
Many females that had no sperm in their spermathecae and were labelled with 15 N tended to have lower values of 15 N compared with the females that were positive for sperm. A possible explanation is that in the bursa, sperm are not stored or maintained viable for prolonged periods as occurs in the spermathecae. In intraspecific matings, the sperm that do not reach the spermathecae and remain in the bursa lose their motility 2 days after coitus [16] . If nonmotile sperm begin to degrade in the bursa, it is probable that lower values of 15 N would be detected.
In previous studies on interspecific matings in insects, failures in sperm storage, or retention in the female's reproductive tract have been noted [4, 10, 17, 18] . In interspecific matings between A. aegypti and A. albopictus, Nasci et al. [4] observed that most A. aegypti females inseminated by A. albopictus males had few dead sperm in their spermathecae, and Leahy & Craig [10] detected a high frequency of immobilized sperm in the spermathecae of A. aegypti females. In crosses between Drosophila hamatofila females and D. mojavensis males, Patterson [17] reported that most of the sperm that were stored in the ventral receptacle after copulation 'disappeared altogether', as confirmed by later dissections. In interspecific matings between the dermestid beetles Trogoderma glabrum and T. inclusum, males transfer spermatophores to T. glabrum females, but sperm usually do not reach the spermathecae [18] . This example resembles the pattern of reproductive interference that occurs between A. aegypti and A. albopictus, in that refractoriness to mating with conspecifics and oviposition of sterile eggs occurs when T. glabrum females copulate with T. inclusum males, but not in the reverse cross. Vick [18] suggested that transfer of male accessory gland material may occur, independent of the transfer of sperm to the spermathecae.
Our results demonstrate that reproductive interference may also occur, even if A. albopictus sperm are not transferred to A. aegypti spermathecae. Therefore, the low frequency of interspecific mating that has been found in wild-caught females, measured as percentage of females with heterospecific sperm in their spermathecae [7] , can underestimate the incidence of reproductive interference in nature.
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